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Ereface
Z17'The purpose of these experiments was to compare turbulence measure-
pents using two types of velocity measurement probes: split-film and x-
film. The goal is to determine the turbulent flow rggines where the
split-filn can be used to replace the x-filn. -2 | 70 | vide )

I thank my advisor LtCol Paul King for his guidance and patience
through this effort, and his training in snemometry. Before the wind
tunnel could be used for turbulence measurements, it required extensive
restoration. 1 also thank Prof Hal Larsen for his effort in these
renovatons, and his zeal to educate me in the finer points of wind
tunnel operation and merodynamics. Mostly, thank-you Sharon for your
extra effort running the houselwld while I was off taking data.

Tioothy E. Fisk
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The split-film sensor is composed of two independent films sup-

ported by a quartz filament. The split-film’'s larger diameter makes it

less sensitive to high frequency fluctuations than the x-film, but is

able to measure higher flow angles than the x-film. The objective of

this thesis is to compare turbulence measurements of ths split-file with

the motepestablished x-film over a range of turbulence levels.

The pesults indicate problexs using the split-filn in regions of
low velocity canbinad with low turbulence (Raynolds nunbegrbasad an film
diameter less than 380 and turbulence intensity below 1.5:;ereent). The
split-file provided better turbulence veasurenents than the x-film when
usad in regions of high turbulence (10 to So,égreant) with velocity
fluctuations greater than 45 degm;r‘fm the wean.

The split-film is not capable of detecting flow reversals, but will
give the proper direction of the velocity cowponient normal to the split.
This informstion is helpful because the magnitude of the Reynolds sheer
stress in reversing flow can still be determined using the split-fils,

i £

but not the diiwction (sign). 7 %' Kb L snol
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COMPARISON OF SPLIT-FILM AND X-FILM MEASUREMENTS IN 2-D FLOW

1. Introduction

Currently 2-D turbulent flows are usually measured using x-film or
x-wire sensors. X-film sensors <(Figure 1)-are chosen over x-wires when
the testing environment night cause wire breakage. Both the x-film and
x-wire provide excellent data in cesos where the flow direction is known
and the sensor can be aligned with the flow.. If the flow varies over
145 degrees from the sensor’'s centerline, the x-configuration does not
work. Also, the size of x-film and x-wire sinsors detracts from thair
use in thin boundary layer flows due to the 2-D cross-section for these
probes ranging up to 0.25 inches.

The split-file sensor (Figuro 2), in use since 1570, is a recent
innovaticn in ansncbater sensing equ.ipmnt.. This sensor is composed of
tuwo electrically independent films supported by a single quartz fiber
(TSI, T8 20, undatad:1). The split-filo is well suited for neasuring
2-D turbulent flow (by design) due to it's ability to peasure velocity
fluctuations up to 190 degrees from tho pean flow direction. The gplit-
filon is capable of withstanding a more harsh environment than x-wires
and x-files having film diaceters less than 0.002 inches. The split-
file's design also allows for use in thin boundary layers becauss its
2-D cross-section is equal to its diameter of 0.008 inches.

The split-filn s larger diamster, however; contributes to the
split-€ile having lass sensitivity to velocity fluctuations than hot-
wires and hot-films. Another problex associatsed with split-films stexs

1
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from internal heat transfer (cross-talk) from one film to the other
through the quartz substrate (Ho, 1882:1240). This cross-talk was shown
to cause inaccurate turbulence measurement at Reynolds numbers (based on

film dismeter) less than 24, and st low frequencies.

Purpose

The purpose of these experiments is to compare turbulence measure-
nents of the split-film with the more established x-film sensor over a
range of turbulence levels and determine applications where the split-
film gives mccurate turbulence data. This information would be useful
in situations where size limitations or large flow angles preclude the
use of x-film sensors, sand an alternative such as the split-film would

be beneficisal.

Background

Anepometry. Hot-film anemopetry is based on work done with hot-
wires, where the flow velocity is related to the heat trensfer in an
electrically heated wire. The ewpirical law governing this heat

transfer rate is known as King's law:
E = a+ belg (1)

whore B is the wire voltage; Ue is the flow velocity normsl to the wire;
and 8, b, and n are constants determined through calibration.

More recently, Siddall and Davies (1871:367) proposed a mxiifica-
tion te aing’'s law by spplying a quadratic form to Eguation (1) allawing

for oalibration constants which are easisr to obtain:




2 _ »;5 °
E” = A + BeU_ + ColU (2)

where A, B, and C are the new calibration constants.

These equations apply to a single assnesor located in the flow.
Msasurement of velocity fluctuations in two directions requires dual
sensors such as the split-film and x-film. Appandix A discusses the
application of Equations (1) and (2) to x-film and split-film sensors.

Turbilence measurement. Measurement wes accomplished in both low
and high turbulence environments. Low turbulence was provided in an
empty wind tunnel fitted with scresns in order to provide turbulence
levels below 2 percent at velocitias ranging between 95 and 122 ft/sec.
High turbulence was generated using tho wake of a cylinder hsving s
Reynolds number based on diaweter of 144,000. Turbuleace levels in the
wake of a cylinder have been investigated by Townsend (1848). and by
Uberci and Freyeuth (1869).

For Reynolds numbers greater than 300 the flow in the wake of the
oylinder ocsn be cescribad in several stages. The developing st e
consists of regular wortices up to 48 dispsters dowmatresn snd oontinues
wntil 400 dismsters downgtream of the cylinder; beyond 400 dismeters,
the filow becomes dynamically stable (Uberci and Freymuth, 1868:1353).
Uberoi and Freywuth {1288:1380) weasured the turbulence for distances of
25, 50, 100, 200, 400, and 800 dismeters downstream of a oylinder and
the trends indicate the turbulence in the weke close to the cylinder
(leas than 25 diaweters) could spproach 80 percent for Reynolds nusbers

greater thun 540, Dus to size limitations in the 14 inch wind tunnel,
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turbulence, in this thesis, was measured in the cylinder’s wake within
one diameter downstream of the cylinder.

The turbulence measurements used in these experiments to compare
the x-film and split-film include such quantities ss intensity, Revnolds
shear stress, and scales.

Turbulence intensity is based on the mean of the squares of the
fluctuating components of velocity. It is usually non-dimensionalized
using the mean flow velocity. The turbulence intensity used for
comparison was calculated from the following relationships (Cebeci snd

Smith, 1674:13,14):

Ta = (;72)15/ U (3
A (4)
S S (5)
Te = [(T3 + T2 + T5)/3)¥ (8)

where -
U = time aversged value (mean) of total flow velocity

Tu = turbulence component in the u-direction

Tv = turbulence vamponent in the v-direction

Tw = turbulence component in the w-direction

Te = total turbulence intensity

u’ = u-component of the fluctuating velocity

v’ = v-component of the fluctuating velocity

w' = velocity fluctaation component in the z-direction

If a 2-D essuigption is used in these comparisons, with Tu & Tv & Tw
(roughly), then Tw » Te. Substituting this essumption into Equation (8)

and solving gives:
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Te = [(T2 + T2)/2]% (7

This gives the total turbulence (T¢) as a function of the turbulence
components Tu and Tv.
The level of turbulence is directly related to it’s kinetic energy,

shown in the following relation {Cebeci and Smith, 1874:14):

2,m 2

k = U%Te (8)

where k is the kinetic energy of the turbulence per unit mass.

Another quantity important in the study of turbulence is the
Reyno.ds shoar stress, calculated using the product of the velocity
fluctuations in two directions. Conservation of Reynolds shear stresses
iz used in the Reynolds stress transport equations-analogous to conser-
vation of momentum in the Navier Stokes eguations (Bradshaw, 1872:430).

Reynolds slear stress (Rg) ig defined as:
- - 2
Rg = - 2¢(uev )/ U (8)

Turbuience scales way be diviaed into two types: the micro-scale,

and the integral scele. These scales can be determined using Fourier

transforms of the time traces of the fluctuating velocity components.
Scales of turbulence are measures of the size of large-scale eddies or
notion in the fluid (integrsl scale), ar.d the smaller-soale disturbances
being transported along with tiem (micro-scale) (Bradshaw, 1872:433).
Tho Integral scale (1) was determined using the following method (Cebeci
and Swith, 1874:21):




given I = %-[ﬁ/<;77)]-1im[E(n)] (10)
substituting ;72= [Tu°ﬁ]2 from Equation (3) (11)
and E(n) = FFTi(n) from Appendix B (12)
gives Ia = %-[1/(T§ « U )]elin [FFT%.(n)] (13)
n->0 u
Likeus 1 2 oo 2
ikewise Iv = Z.[l/(Tv o U )]-lan[FFTv,(n)] (14)
n->

where n is the frequency; Iu and Iv are the integral scales in the u and
v directions, respectively; FFTu, and FFTV, are the Fast Fourier
transforms (Appendix B) of u” and v’ velocity components; and E(n) is
the spectral distribution function.

The micro-scale (m) was determined using the following method
(Cebeci and Smith, 1874:22):

1/ m = 2-tn?/<62-572>1-ngotnz-ﬁ<n>1 (15)
and substituting Equations (11) and (12) y;elds

1/ 02 = 20 [w/(0% Tu)]z'ngo[nz' FFTZ (n)] (16)
likewige 1/ 6% = 20 (/0% T1% 3 [P FFTZ.(n)] amn

n=0

where n, and ov are the micro-scales in the u and v directions.
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Dats callsction
The sensors compared in these experiments were both manufactured by
Thermal Systems Inc. (TSI). The split-film, model 1288 (Figure 2); and
the x-film, model 1241-10 (Figure 1); were operated using TSI s IFA-100
Flow Analyzer (transducer). This transducer includes two TSI model 150

Anemometers eacb supported by a model 157 Signal Conditioner. The
signal conditioners provide an adjustable low-pass filter ranging from 1
Hz to 500 KHz. OQutput bridge voltages from each anemometer, after
passing through the signal conditioner, were converted to digital
information using a Qua-tech analog-to-digital (A/D) converter installed
in a Zenith Z-248 personal computer. This A/D system provided 4 channel
simultaneous sampling (only 2 channels were used) for frequencies
ranging from 180 Hz to 32 KHz. The digital information imported to the
computer via the A/D converter was then converted to voltage data for
each channel using software written in Microsoft (o) Basic. All
calibration and comparison data retrieval for both probes was ac-
complishad using the same TSI dual channel 18 inch probe support and

connecting cables.

Each sensor provided by TSI includes a recowmended operating
resistance for each channel which gives an operating tesperature of 250
degrees C. Both channels on the transducer were set according to TSI's

recamnendations prior to angle calibration.




The frequency response of both channels on each sensor was tested
using a square wave generator provided with the anemometer. The bridge
output for each channel was observed with an oscilloscope and the
frequency compensation waes adjusted on each bridge until the frequsncy
response of both channels matched. This procedure was accomplished
prior to calibration and data collection in order to assure balanced
frequency respanse for each sensor.

Appendix A gives details on the relationships used for angle
calibration and shows that the angle calibration procedures ueed for
both sensors did not reguire the flow velocity be known. The sensors
were calibrated using s rotation mechanium mounted to an air chamber
(Figure 3). Calibration data was obtained for each sensor using a range
of angles and three velocities for each angle. The velocities used were
approximately 63, 80, and 125 ft/sec; chosen to be in the range of
velocities used later for tunnel data comparisaons.

Split-film. In order for the split-film to function properly, both
halves of the film must cperate at the sume temperature, defined es
“balance”. The recommended operating resistances for each channel of
the split-filn are not mcourate enough to balance the sensor, and
further adjustisent is required. The procedure outlined by TSI used to
balance the sensor also gives the angular location of tho split rolative
to the probe (sensor) body (B8e) (TSI, TB 20, undated:7-9). This
procedure relies on the following relationships:

Ki = EIMEZO (18)
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where

- . . ¥
Kl - [(Elz Ell)/(E21 Ezz)]

K1 = balance factor, independent of flow velocity

E10 = voltage,
E20 = voltage,
E11 = voltage,
E21 = voltage,
ElZ = voltage,

E22 = voltage,

channel 1 with flow aligned with split
channel 2 with flow aligned with split

channel 1 with flow normal to film 1
channel 2 with flow normal to film 1
channel 1 with flow normal to film 2
channel 2 with flow normal to film 2

(18)

An iterative procedure is used to balance the probe and obtain 6s

by using sbove Equaticns (18) and (18) and the angle calibrator along

with minor adjustments to the operating resistance of one channel.

The

angle 6g is described by the flow angle which provides the same value

for K1 in both Equations (18) snd (18) while allowing for Ki to remain

constant over a range of air velocities.

After Ki1 and 8s were found for the msplit-film, the probe was

calibrated using the following relationships described by TSI (TSI, 1B
20, undated:2) as modified in Appendix A:

D,/SIN(G + 6g) = A'-s?'

defining:

where

tx3
Pt
"

P e
LI | I 1}

W
s
"

o2 o202
- 2,
5, = B + K{-E.

voltage, channel 1

voltage, channel 2

flow angle with respect to probe body
angle betwsen split and probe body
sun of squared voltages, corrected by Ki (definition)

8

(20)
(21)
(22)




D1 = Difference of squared voltages, corrected by Ki (definition)
A’ and B’ = calibration constants, independent of temperature

Angle calibration data was obtained using the calibrator, shown in
Figure 3, by positioning the probe body at a range of angles with
respect to the flow and measuring the voltage for each channel (three
velocities and ten angles were used). Least-squares curve fitting was
used to calculate the constants A° and B” with results shown in Figure
5.

X-film. The angle between the probe body and the bisector of the
two films was measured using a reversed bench microscope. The image of
the "X" was projected and traced at 180 degrees and 0 degrees axial
probe body rotation as illustrated in Figure 6. The angle between the
two bisectors gives two times the angle between the probe body and "X"
bisector (8x, the bisector angle). Once 6x was known, the probe was
positioned in the angle calibrator such that the biseotor was lined up
with the air flow. The operating resistance of one channel was adjusted
until both channels gave the same voltage lsvel within the acocuracy of
neasurement equipment usad (oscilloscops or voltwmster). The ratio of
the voltages for each channel (K2, eppriximately equal to one) was then
calculated:

K2 = E; /By (23)

where

= voltage, channel 1 with flow aligned with the bisector
voltage, channel 2 with flow aligned with the bisector
belance factor, independent of flow velocity

—
o
[}

oS
(=]

&

10




Once 9x and K2 were known, the probe was calibrated for angle
measurement in the same manner as the split-film using the following

relationships developed in Appendix A:

Dy/TAN(E + Bx) = A"eSh : (24)
defining: D,= BZ - RE-E2 (25)
S,= EZ + K82 (26)
where
E. = voltage, chanmnel 1

voltege, channel 2
flow angle with respect to probe body

@ o7

it

0« = angle between bisector and probe body
82 = sum of squared voltages, corrected with Kz (definition)
D2 = difference of squared volteges, corrected with Kz (definition)

A" and B" = ocalibration constants, independent of temperature

The procedure for obtaining x-film angle calibration constants is

identical to the split-film and the results are shown in Figure 7.

Velocis librats

The probes were calibrated for velocity in the 14 inch tunnel
(discussed later) prior to taking turbulence meassurements in order to
reduce errors caused by temperature changes and to avoid using tempera-
ture correction factors sometimes used in velocity calibration. Before
the tunnel could be used for velocity calibration, it was caliobrated
using a pitot-static tube. The pitot-static tube was placed in the
tunnel as showm in Figure 4 and static and total pressure readings were
taken. These readings were cospared with the static pressure at

locations 1 and 2 along the tunnel wall for a range of velocities, with

11




the results shown in Figure 8. Bernouli’'s equation, based on incompres-—
sible flow, was used to convert the pressures to velocity.

Split-film. The split-film was positioned at the tunnel centerline
and voltage measurements taken for velocities ranging from 50 to 140
ft/sec; chosen to be in the range of velocities used for tunnel data
comparisons. The probe was calibrated for velocity measurement using
the following relationship given by TSI (TSI, TB 20, undated:2) as
described in Appendix A:

i k.o
Sl— Al + Bl Us + C1 U (27)

where U is the tunnel velocity; and Al' Bl‘ and C1 are constants.
Least-aquares was used to calculate the velocity calibration constants
and the results for one temperature are shown in Figure 9.

I-film. The x-film procedure is similar to the split-film except
it was necessary to determine the flow angle (8) first using Equation
(24), the predetermined constents 4" and B”, and the angle correction
factor Ox.

The relation used to obtain the x-film velocity constants is

(Appendix A):
S,= Ay + Byr (U-COS(O + 6x)1¥ + C,*U~C0S(8 + Bx) (28)

where Az. 82. and 02 are constants valid for all flow angles.
Least-squares was again used to calculate the velocity calibration

constants and the results for one temperature are shown in Figure 10.

12
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Tunnel data retrieval

Velocity and turbulence was measured in a 14 inch diameter subsonic
wind tunnel. This tunnel was a recirculating type with an air exchanger
upstream of the compressor designed to maintain a constant air tempera-
ture in the tunnel. Screens (2) were fitted upstream of the test
section to reduce the turbulence generated by the compressor and the
turning vanes (located in the corners of the tunnel). The test section
included a model support yoke mounted in the bottom and a probe positio-
ning machanism mounted to the top. The probe positioning mechsnism was
designed to provide symmetric probe blocksge in the tunnel by aligning
the probe support with the flow using a rod traversing through both the
tep and bottom of the tunnel (Figure 4). Measurements were accomplished
in the empty tunnel (except for model support yoke) for low turbulence,
and behind a three inch dismeter cylinder mounted to the model support
yoke for high turbulence.

Eopty tunnel. Bach probe was positioned in the same x (axial)
location and data was obtained by traversing in the vy (radisl) direc-
tion. Figure 11 shows the cvordinate system used and the locstions
chosen. Three velocities were ssupled at each data location: 97, 110,
and 122 feet/sec. These velocities were chosen in crder to remain in
the range of incompressible flow assuzptions, and to be consistent with
the flow velocity used for the three inch oylinder (high turbulence)
conperisons.

The signal conditioner’s low-pass filter for each channel was set
for a cut-off frequency of 8 KHz, and 512 voltages were sampled from

each channel simultaneously st 16 Khz for each data looation and

13
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velocity. Fast Fourier transform (FFT) analysis (Appendix B) of the
voltage data was used to determine the frequency response of the probes,
and previous test runs showed higher sampling rates did not yield
significant information at higher frequencies. The sample rate was
chosen to be twice that of the filter to reduce aliasing (anti-alias
filtering). Instantanecus velocity components were calculsted from the
inverse of Equations (20) and (27) for the split-film, or (18) and (24)

for the x-film. For the split-film, the flow angle was calculated from:

o= ARCSIN[Dl/(A"S?;] - 8s (29)

and the velocity calculated by completing the square in Eguation (27):

=
1

2
B1 + 4°(31'(S1 - Al) (3
= (- B2 ) (31)

[and
]

Knowing the instantaneous velocity (U) and direction (8), the velocity

cogponants are found by:

[
1]

U=Q0s(8) (32)
= U=SINCD) (33)

<
[

v ‘re u and v are typical of the instantsneous velocity components in
the x snd y direction. The sape procedure pay be applied to x-filn
Equations (24) and (28).

Figure 12 shows representative fluctuation velocity traces for the

split and x-filmn where:

u' ' zu-u (34)




vizv-v (35)

where u’ and v’ are the fluctuating velocities; and u and v are ths
time-averaged (mesn) values of u and v.

Figure 13 shows the Fast Fourier transforms (FFT's) of the u’ and
v’ traces given in Figure 12. The magnitude of the F_F'I"s (ft/sec) shown
in Figure 13 can best be described by the square root of the energy
contained for each frequency. | |

Cylinder. Figure 14 shows the locations whsre cylinder data was
cobtained for the two probes. A flow velocity of 92.3 ft/sec was used to
give a Reynolds number based on diameter (Rep) of 144,000. This
Reynolds number was used to determine the Strouhal number (Sn) for the
KAarmin vortex street behind the cylinder (Schlichting, 1878:31,32). The

frequency of the vortex was then estipated:
n = UeSn/d (35)

where n s ths frequency, U the flow velocity (82.3 ft/sec), d the
cylinder diameter (3 inches), and Sn the Strouvhal number (= 0.18) based
on Schlichting's Figure 2.9 for Rep = 144,000 (Sehlinhting, 1978:32).
This gave the freqguency, n = 70 Hz for the vortex shadding behind
tha cylinder. This information was used to clioose the saxpling rets snd
filter used fc;r deta eoquisition behind the cylinder. The anenomster's
signal conditioner -was set for a cut-off frequency of 4 KHz, and 512
voltages were sarpled from each channel simultansously at 8 Khz for each

data location.

15




Thia choice allows spproximeately 4.5 cycles of the shedding

vortices for the FFT to sample; calculated by:

cycles = Nen/ns (37)

whers N is the number of sample data points (512), n is the frequency of
the vortices (70 Hz), and ns is the sample rate (8000 Hz).

Figure 15 shows representative u’ and v’ traces behind the cylinder
and Figure 16 shows the FiT's of these velocities. Ths frequencies of
the FiT's in Figure 16 were only plotted up to 800 Hz in order to

highlight the behavior of the fluctuations at the low frequencies.

Auouracy

Voltage measurements taken using the computer were within % 0.002
volts due to snulog to digital conversion agocurscy; pressure measure-
wents using the micro-mancweter were within t 0.005 inches H20; and
probe locationel messuremsnts were within ¥ .005 inches dus to machining
tolerances of ..e probe positioning mechanism (excluding probe size
differences)., The wind tunnel maintained mean velocity within t 2
ft/sec. Turbulence measurements in the open tunnel were repeatsble

within 10 percent error.

18




IIL. Results and Di .

The wvalues used to compare turbulence messurements made with the x-
film end split film were turbulence intensity, Reynolds shear stress,
integral scale, and micro-scale. The relationships used to calculate
these values are cutlined in Chspter I. Turbulence intensities (Tu, Tv,
and Tt) were determined using Equations (3), (4), and (7); Reynolds
shear stresses (Rs) using Equation (8); integral scales (Iu end Iv)
using Equations (13) and (14); and micro-scales (mu and mv) using
Equations (16) and (17). The value of the FFT as n->0 used to calculate
the integral scale in Equations (13) and (14) was estinated by averaging

the first 3 frequency data points (Figures 13 and 15).

Expty tunnel

Figure 17 shows turbulence results using the split-film for thres
velocities in the empty tunnel. Figure 18 shows thig informsation using
the x-film. Figures 18-21 compare the turbulence levels obtained using
the two probes along with the Reynolds stresses for each velocity. The
inforwation shows turbulence levels ranging from 0.3 percent up to 2.8
peroent.

Both probes indicate lower turbulence in the bhottom of the tunnel
(0.3 - 1.25 percent) than in the top (1.0 - 2.8 percent). This was most
likely due to the model support yoke remaining in the tunnel’'s lower
half (Figure 4). This obstruction effectively forced the eir to flow
toward the top of the tunnel, creating higher turbulence. Both probes

indicated this flow vectoring effect with measured flow deflection

17
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sngles of up to two degrees from the tunnel centerline and slightly
higher velocities at the top of the tunnel (no figure).

Turbulence comporients Tw and Tv for both probes showed a more
isotropic (Tu = Tv) nature as the velocity increased (Figures 17 and
18, Figure 17 shows Tu was larger than Tv for most cases using the
split-film; however, Figure 18 shows the opposite trend for the x~film.
Further examination of Figures 18-Z21 indicates the v-components of
turbulence generally agree, with the x-film showing slightly higher
levels in the higher turbulence region of the tunnel (Y z 0).

The major discrepancy involves the u-component of turbulence.
Especially at lower levels they did not agree, with Tu for the split-
film being larger than the x-film. In fact, Tu for the split-film did
not go below one percent. In order to help resclve this deviation, a
gingle-film (hot-film) probe was used to measure the total turbulence in
the region of the highest discrepancy (tunnel location Y= -3.0 inches)
at 122 ft/sec tunnel velocity. The turbulence obtained using the
single-film at this location agreed with the x-filn as showm by the
point labeled "hot-film" in Figure 21.

Assuming the x-film data in this case to be accurate based on the
single-film data, an explanation for the split-film indicating higher
turbulence than present in the flow is needed. The u component of
velooity is measured using the sum of the voltages of the top and bottomn
halvas of the split-film's cylinder, while the difference of the
voltages effectively gives the v-component as described by Equations
(29) and (31). In order for Tu to measure higher than actuai, the

ingtantaneous volteges for each film (heat transfer) must sum together

18
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such that the RMS value (Tu) of this sum becomes higher than expected.
The RMS value of the instantaneous difference in voltages (Tv), as
mentioned earlier, generally sgreed with Tv for the x-film.

One possibility for Tu to be high could be due to thermal cross-
talk between the films. Ho demonstrated significant thermal cross-
talk, or internal heat transfer, for the same model split-film used in
these experiments at film Reynolds numbers (based on diameter) less than
24 for low level turbulence (electrically induced) (Ho, 1882:1240). The
Reynolds number in this thesis ranged from 300 (85 feet/sec) to 380 (122
feet/sec) for the split-film. The convection heat trsnsfer rate
(Nusselt number) for these Reynolds numbers is about four times larger
than Ho's experiments (Holman, 1878:217). Eventually, as the Reynolds
number is increased, the convection heat transfer should become much
larger then ths internal conduction and the error in measuring Tu should
become tolerable. In order to verify decreased error with increased
Reynolds numbers, the split film was placed in higher velocity flows at
Y = -8 inches. At 186 feet/sec, or a Reynolds number of 584, Tu and Tv
became nearly the same at 0.77 and 0.85 percent, respectively.

For the higher turbulence levels, the split-film and x~film were in
better agreement. Ho's experiments showed the effects of cross-talk
were diminished when electrically input fluctuations simulated tur-
bulence levels greater than four percent at a Reynolds number of 14.4
(Ho, 1882:Figure 7, 1243). This can be compared with results from
Figures 18-21 where the split-film did not appear to give acourate

readings in turbulence below 1.5 percent in Reynolds numbers below 380.

18




Another possible stabilizing effect of higher turbulence levels on
the split-film could be due to increased heat transfer area on each side
of the split film from fluctustions in the flow =ngle causing the flow
separation point on the cylinder to change. Large fluctuations could
effectively cause higher heat transfer rates to both halves of the
split-film due to increased area. Conversely, low turbulence combined
with low velocity could effectively create unbalanced heat transfer.

Reynolds shear stress values showm in Figures 18-21 for both probes
were of the same order, ranging from - 0.0002 to 0.0002; however, the
values for the probes did not generally sgree. Integral and micro-
scales were compared in Figure 22 for one velocity (122 feet/sec). The
micro-scales for both components ranged from 0.030 to 0.032 inches and
ggraed within 2.5 percent between probes. The integral scales ranged
from 1.8 to 13 inches for the u-component and 1.8 to 38.7 inches for the
v-component. The integral scales tfor the two probes agreed well when
the turbulence levels measured the same.

Another effect which could have caused errors for both probes could
be due to using static calibration data to predict turbulence. More
accurate turbulence measurement would be possible if the probe could be

calibrated in a flow of known turbulence.

Cylinder
Figures 23-25 illustrate turbulence levels in the flow behind a
oylinder measured with the split-film and x-film. The results show god
asgreepent with the 50 percent level expected for the wake as discussed
in Chapter I (page 3). The u-component of turbulence (Figure 23) shows
fair agreement for most data locations; while the v-component (Figure
20
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24) is much different between the two probes. A single-film (hot-film)
probe was again used to determine the discrepancy in the turbulence
peasurements; and Figure 25 shows the total turbulence levels of all
three probes. The results show the split-film gives higher turbulence
levels in the weke behind the cylinder than the x-film and hot-film,
with the x-film giving the lowest readings. In this situation the
split-film is most likely giving better turbulence information than
either the x-film or hot film due to geometry limitations of the latter
two probes. This is discussed in more detail below.

The x-film is limited to flow angles within 145 degrees (typically)
of the probe body (Figure 8). If the flow exceeds this limitation, the
probe will react as though the flow angle is less than 45 degrees. For
example, the probe would react to a 40 degree fluw angle with approx-
imately the same voltage readings as a 50 clegree angle (excluding
blockage). In the high turbulence area behind the cylinder at X/D =
0.8, the fluctuating velocities u’ and v’ shown in Figure 15 to range
from -40 to 40 ft/sec are nearly the same magnitude as the mean flow
velocity at this location of 40 ft/sec as shown in Figure 26. In this
gituation the x-film would not be capable of accurately measuring these
fluctuations and would damp-out any fluctuations at angles greater than
45 degrees.

Another geometry problem of the x-film and hot-film could be caused
by flow reversals behind the cylinder. Both probes could contribute
substantially higher self-blockage to reverse flow than the split film.
The split-film has a small diameter rod, as shown in Figure 2, support-
ing the sensor end should be less affected by reverse flow.

21




Figure 28 shows the average velocity behind the cylinder measured
with the split-film and x~film prot>s; and the values show good agree-
pent. As discussed earlier, flow reversals most likely exist behind the
cylinder at this Reynolds number-as shown in Schlichting’s Figure 2.6
(Schlichting, 1879:10). While the x-film is not capable of determining
flow directions exceeding 145 degrees, the split-film (Figure 1), as
used in these measurements, will always give the proper direction of
velocity in the v direction. If the split-film is exposed to flow
velocities greater than 80 degrees, the direction of u becomes unknown.
Direction arrows in Figure 26 show this uncertainty.

The Reynolds shear stresses, shown in Figure 27, asgreed at loca-
tions where x-film and split-film turbulence measured the same. Where
disagreement occurs as shown in Figure 27 (for exampie X/D = 0.4 and Y/D
= 0.8), the disagreement is mwost likely due to the same x-film limita-
tion for fluctuations greater than 145 degrees as discussed earlier
concerning turbulence measurement.

The micro-scales in the u and v directions ranged from 0.087 inches
at Y/D = 0.8 to 0.012 inches in the center of the wake, and compared
well for both probes at all axial (X/D) locations (Figures 28 und 28).
The integral scales in the wake of the oylinder (¥/D £ 0.5) shown in
Figures 30 and 31 gave similar information for the x-film end split-
film. In this looation, the scales ranged from one to five inches for
both components: this was most likely due to the influence of the three
inch oylinder diameter. The integral scale values approached those
obtained in the open tunnel (Figure 22) when the probes were above the




cylinder’'s influence. The values of the integral scale at X/D = 0.0 are
not shown due to inconsistencies in measurement for both probes.

Finally, the Strouhal number (Sr.) correlation described by
Equation (38), where the vortex shedding frequency was predicted to be
70 Hz behind the cylinder, was compared with the FFT's of both probes
shown in Figure 16. The u’ FFT's for the split-film and x-film show
peak values at 40 and 70 Hz while the v’ components showed peak values
at 30 and 110 Hz for both probes. The differences between the predicted
70 Hz and the measured u’ and v’ values could be dus to the frequency
neasurement increment of 16 Hz being too large to give accurate read-
ings. Another possibility could be the frequencies shown in Figure 18
are harmonics of the actual shedding frequency.

Also, in all of the above tests, nowhere did it appear that film
diameter affected the differences in the x-film and split-film probes
other than the obvious higher frequency response of the smaller diameter
films of the x-film.




IV.  Copclusi { R lat;

The results show split-film turbulence measurements in regions of
low velocity combined with low turbulence (Reynolds number, based on the
split-film diameter, below 380 and turbulence below 1.5 percent) do not
compare well with the x-film. For this low turbulence (below 1.5
percent), the split-film indicates higher levels of turbulence than the
x-film and this was explained to be most likely due to internal conduc-
tion heat transfer in the split-film. Further study in this area, using
flows with a known turbulence level would be helpful.

The split-film showed an advantage over the x-film when used in
regions of high turbulence (10 to 50 percent) with velocity fluctuations
dreater than 45 degrees from the meen. The split-film is not capable of
detecting flow reversals, but will only give the proper direction of the
velocity component normal to the split. Thus, the split-film can be
used to determine the magnitude of the Reynolds shear stress, but not
the direction (sign).

Scales of turbulence messured about the sume for both probes,
especially when the measured turbulence levels sgreed.
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Split-fil

The following relationships were used to calibrate the split-film

sensor. The relationship for velocity calibration given by the manufac-

turer (TSI) is (TSI, TB 20, undated:2):

2 o2 _
Ef + KEj = Fa(U) (A.1)
where
E1 = voltage, channel 1
Ez = voltage, channel 2
K =

EID/EZO when flow is directed at the split, Equation (18)
Fi(U)= funotion of the flow velocity (U), independent of flow angle
Equation (A.1) is based on the assumption that Fi(U) is independent

of the flow angle. To verify this assumption, the sum of the squared

voltages defined by Equation (22) was measured through a range of angles
and velocities and plotted in Figure A-1. Fi(U) may be represented by

King's law as shown by Equation (1) or a quadratic approach as shown by

Equation (2) (Siddall and Davies, 1871:387).

To calibrate for the flow angle, TSI offers this relationship (TSI,

TB 20, undated:2):

Ef - xfoﬁg = Fa(U)+SIN(B) (4.2)

where 8 is the angle between the plane of the split and the flow, and
F2(U) is also independent of angle.
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Since F2(U) and Fi(U) are only functions of velocity, Fz(U) is

related to the sum of the squared voltsges (Sl).

Therefore, Equation (A.2) can be written in the form:
2 2 .2 _ .
El - Ky Ez = F(Sl) SIN(8) (A.3)

where F(Sl) is a function of the sguared voltsges. The calibration

relationship becomes:

D,/SIN(8) = A’eS: (A.4)
. . , _ ol 2 .2
where A° and B’ are constants and D1 = E1 - Kl- 2
This gives an angle calibration relationship using only the
voltages from the split film without lmowing the actual air velocity.

An example of the results obtained using these relationships is shown in
Figures 5 and 8.

X.£i)

Given the x-filmn geometry shown in Figure 2, and King's law for
each film of the x-film:

Ef = Ga(U)+C0S(B - a) (A.5)
Eo = Ga(U)-COS(8 + a) (A.6)

where Gi(U) and Ga(U) are independent of flow angle, 6 is the flow angle
with respect to the x-film bisector, and a is the angle between the x-

bisector and the normal casparient of each film (Figure B8).
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If the temperature (operating resistance) of each film is adjusted
so that the anemometer bridge voltages for each film (channel) are
nearly equal when the flow is directed at the bisector of the x-film (6
= 0), Gi(U) and G2(U) become nearly equal. Using these relationships,
adding Equations (A.5) and (A.8), and simplifying:

Sy = QOS(0)*SIN(a)={Ga(U) + G=2(U)] + COS(a)*SIN(B)*[G1(U) - G2(U)] (A.7)

_ 2 .2 _ . , .
whare Sz = Bz + Kz E.?. ; and KZ' El/E2 when the flow is directed at the

bisector (Kzns 1). Further reduction of Equation (A.7) yields:
S2 = G(U)=COS(B)*SIN(a) (A.8)
where GCU) = Ga(U) + G2(U) and Ga(U) - Ga(U) = O

This relationship (A.8) may be used to calibrate for veloocity and
the term SIN(a) can be included in the calibration constants,

To calibrate the x-filn for the flow angle, the difference of the
sguared voltages is used. Subtracting Equation (A.8) from (A.5) and
using the same assupptiohs used to derive Eguation (A.8) gives the

following:

D2 = F(U)*SIR(8)-C0S(a) (A.8)

“’““Dzzgg“xgag

Dividing Equation (A.8) by (A.8) gives:
D,/TAN(@) = Ai-sg“ (A.10)

where A" and B" are calibration constants which include a.
28




This gives an angle calibration relationship using only the
voltages from the x-film, without knowing the actual air velocity.

example of the results is shown in Figures 7 and 10.

An
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; ix B. Fast Fourier Transf

Fast Fourier trensforms (FFT's) were used to examine the energy
content of the velocity traces. For example, the spectral distribution
function for the instantaneous velocity fluctuations (Ei) given by

(Cebeci and Smith, 1974:20):

uxm%jgm)m=23m> (B.1)
0 n=0

where u' is the fluctuating velocity in the time domain, n is the
frequency, and E(n) is the spectral distribution functien.

Using Parseval’s theorem:

N N
()2 = é- £ ug(t) = $2- 3 Fﬁ(n) (B.2)
k=1 N% k=1

where F(n) is the disorete Fourier transform of u'(t), k ig the mample

data point, and N is the number of samples. Therefore,

A%)-Fin) = K(n) (8.3)
The diascrete fourier transform used to find F(n) was the Fast
Fourier Transforu (FFT) wethod (Press, and others, 1886:380-385) where
the FIT is defined as:

F?TS.(n) z (l/Nz)-Fﬁ(n) = E(n) (B.4)

K
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Abstract

The split-film sensor is cowposed of two independent films sup-
ported by a quartz filament. The split-film’'s larger diameter makes it
less sensitive to high frequency fluctustions than the x-film, but is
able to measure higher flow angles then the x-film. The objective of
this thesis is to vampare turbulence measurements of the split-film with
the more established x-film over a range of turbulence levels.

The results indicate problems using the split-film in regions of
low velocity combined with low turbulence (Reynolds number based on film
diameter less than 380 and turbulence intensity below 1.5 percent). The
split-film provided better turbulence measurements than the x-film when
used in regions of high turbulence (10 to 80 percent) with velocity
fluctuations greater than 45 degrees from the mean.

The split-film is not capsble of detecting flow reversals, but will
give the proper direction of the velocity component normal to the split.
This information is helpful because the magnitude of the Reynolds shear
stress in reversing flow can still be determined using the split-file,
but not the direction (sign).




